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We employ Faraday and Kerr effect spectroscopy in the infrared range to investigate the electronic
structure of Ga1−xMnxAs near the Fermi energy. The band structure of this archetypical dilute-
moment ferromagnetic semiconductor has been a matter of controversy, fueled partly by previous
measurements of the unpolarized infrared absorption and their phenomenological impurity-band
interpretation. The infrared magneto-optical effects we study arise directly from the spin-splitting
of the carrier bands and their chiral asymmetry due to spin-orbit coupling. Unlike the unpolarized
absorption, they are intimately related to ferromagnetism and their interpretation is much more
microscopically constrained in terms of the orbital character of the relevant band states. We show
that the conventional theory of the disordered valence band with dominant As p-orbital character
and coupled by kinetic-exchange to Mn local moments accounts semi-quantitatively for the overall
characteristics of the measured infrared magneto-optical spectra.
PACS numbers: 75.50.Pp, 78.20.Ls, 78.66.Fd, 71.
The study of diluted magnetic semiconductors (DMSs)
based on III-V compounds, in particular Ga1−xMnxAs,
has been a very active area of research over the past two
decades ever since the discovery of carrier mediated fer-
romangnetism in these materials [1]. Ga1−xMnxAs can
exhibit metallic as well as insulating behavior depend-
ing on the doping and growth procedures, with the onset
of ferromagnetism occurring near the insulator-to-metal
transition. The perception that this transition occurs
in a disordered valence band as in conventional p-doped
semiconductors [2–5] and that many of the key magnetic
properties are reminiscent of common itinerant ferromag-
nets [6, 7] makes Ga1−xMnxAs an archetypical ferromag-
netic semiconductor system. The notion has inspired
numerous studies that contributed to our understand-
ing of basic magnetic and magneto-transport properties
of DMSs and led to discoveries of new effects and device
concepts, including various types of spintronic transistors
[8]. Nevertheless, the character of states near the Fermi
energy in ferromagnetic Ga1−xMnxAs is still a matter
of controversy [9–15] fueled in part by phenomenological
interpretations of optical spectroscopy studies [9, 14, 15]
which are inconsistent with the conventional semiconduc-
tor valence-band picture of the material.
A broad peak around ∼ 200 meV observed in unpolar-
ized infrared absorption spectra has been interpreted by
placing the Fermi energy in a narrow impurity band de-
tached from the semiconductor valence band, which per-
sists on the metallic side of the transition [9]. Competing
with this phenomenological picture, a semi-quantitative
agreement with the experimental peak-position and mag-
nitude of the absorption has been obtained from mi-
croscopic calculations based on the disordered valence-
band theory and considering transitions within the va-
lence band [10]. The merit of the infrared spectroscopy
is that it probes electronic states near the Fermi energy.
The unpolarized absorption spectra, however, do not dis-
tinguish between transitions originating from states cor-
responding to intrinsic Ga1−xMnxAs and from extrinsic
impurities, and do not provide specific information on the
magnetic and orbital character of states involved in the
optical transitions. A quantitative microscopic modeling
of these spectra is complicated by the relatively strong
intentional and unintentional disorder in these heavily
doped semiconductors and by the vicinity of the metal-
insulator transition [10]. Without microscopic modeling,
the absence of a direct link between the measured spectra
and the exchange-split and spin-orbit coupled electronic
states leaves a relatively unconstrained space for infer-
ring phenomenological pictures of the underlying band
structure.
In this paper we present results of Faraday and
Kerr measurements in the mid and near-infrared spec-
tral range (115-1300 meV) for several ferromagnetic
Ga1−xMnxAs samples grown by low temperature molec-
ular beam epitaxy (LT-MBE) [16] and a sample grown
by a combination of ion implantation and laser pulsed
melting (II-LPM) [17, 18]. Our work complements pre-
viously reported higher energy (starting from 600 meV)
magneto-optical measurements in Ga1−xMnxAs [15, 19–
25](in the thin film limit the magnetic circular dichroism
is approximatively twice the Faraday ellipticity). The
2interpretation of these higher energy spectra is compli-
cated by the fact that they are sensitive to many desired
as well as undesired transitions near the host semicon-
ductor absorption edge. The infrared magneto-optical
data studied here provide a unique probe into the nature
of electronic states near the Fermi level. In contrast to
the unpolarized absorption which is proportional to the
longitudinal conductivity, the Faraday and Kerr effects
arise from the transverse conductivity component. They
represent a finite frequency analogue of the anomalous
Hall effect with which they share the common exchange-
splitting and spin-orbit coupling origin. The anomalous
Hall effect has been described microscopically on a semi-
quantitative level using the conventional semiconductor
valence band theory [26]. Here we show that by ex-
tending the same microscopic theory to finite frequencies
we capture key characteristics of the measured infrared
magneto-optical spectra, again on a semi-quantitative
level, as predicted by early theory studies [31, 32]. We
have not performed alternative calculations that would
correspond to any of the phenomenological variants of
the impurity-band model. For calculating the transverse
conductivity one has to specify the microscopic spin and
orbital character of the relevant states. As explained in
detail elsewhere [27], we have not found any perceivable
microscopic representation of the impurity band models
that yields a detached impurity band in ferromagnetic
Ga1−xMnxAs materials.
The measurements were performed with a polarization
modulation technique using various gas and semiconduc-
tor laser sources, as well as a custom-modified double
pass prism monochromator with a Xe light source. For
details of the experimental technique see Refs. [28–30].
The method was tested by studying semiconductor ma-
terials with known behavior in mid-infrared region [30].
The magnetic field dependence of the complex Faraday
θF and Kerr θK angles is measured at each wavelength
and various temperatures from 6K to 300K. At tem-
peratures below Tc the magnetic field dependence of
the rotation Re(θ) and ellipticity Im(θ) exhibits a sat-
uration behavior due to alignment of the magnetization
with the external field perpendicular to the sample sur-
face. The behavior is superimposed on a linear depen-
dence at higher field due to the response of the wedged
GaAs substrate, the Ga1−xMnxAs film, and the cryostat
windows (see insert in Fig. 2 ). We subtract the linear
component and record the rotation and ellipticity signals
corresponding to saturation magnetization. In principle,
this may not completely remove the paramagnetic con-
tribution from the signal, but this signal is an order of
magnitude weaker than the ferromagnetic contribution
in this spectral range and is generally represented by a
Brillouin function of the external magnetic field and tem-
perature. For our measurements (at temperatures above
10 K and magnetic fields below 1.5 T), this dependence is
linear in magnetic field. Since the Faraday (Kerr) signal
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FIG. 1: (Color on-line) Measured Faraday rotation (top) and
ellipticity (bottom) vs. photon energy.
[28, 29] is normalized by the total intensity of the trans-
mitted (reflected) light, strong spectral features in the
transmittance (reflectance) of the paramagnetic regions
could produce artifacts in the Faraday (Kerr) signal. We
may expect the contribution to the total transmission
(reflection) of light through (from) paramagnetic regions
to slightly shift the absolute value of θF (θK). However,
since the transmittance (reflectance) varies slowly in the
mid and near-infrared range, as confirmed by measure-
ments, these spectral artifacts in θF (θK) are expected to
play a negligible role.
We have studied four Ga1−xMnxAs films with dif-
ferent ferromagnetic properties. The sample M5 95K
was grown by LT-MBE on a GaAs substrate. The
Ga1−xMnxAs film is 50 nm thick with a uniform nominal
Mn doping of 5%, a Curie temperature Tc = 95 K, and
a hole density p ∼ 2 × 1020 cm−3 estimated from trans-
port measurements. Sample M2 45K consists of a 50 nm
thick Ga1−xMnxAs film with nominal Mn doping of 2%,
Tc = 45 K and p ∼ 1.5 × 10
20 cm−3, and the third LT-
MBE sample M1.7 32K has a 100 nm thick Ga1−xMnxAs
with nominal Mn doping of 1.7%, Tc = 32 K, and
p ∼ 1×1020 cm−3. Sample I8 100Kwas grown by II-LPM
and has Tc ≈ 100 K and a Gaussian-like distribution of
Mn ions with an estimated mean concentration of Mn of
∼ 8% and hole density p ∼ 4× 1020 cm−3.
The spectral dependence of the Faraday and Kerr ro-
tation [Re(θF) and Re(θK)] and ellipticity [Im(θF)and
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FIG. 2: (Color on-line) Measured Kerr rotation (top) and
ellipticity (bottom) vs. photon energy. Top insert: Re(θF) vs
magnetic field for sample M2 45K measured at photon energy
of 495.9 meV and T = 10K
Im(θK)] taken at 10 K are shown in Figs. 1 and 2. All
samples present a similar resonant behavior. Unlike the
infrared absorption which is proportional to the longi-
tudinal conductivity σxx [9], θF and θK follow the be-
havior of the off-diagonal component σxy, thus exhibit
relatively sharp (∼150 meV) spectral features and sign
changes. The magnitude of the Faraday rotation and
ellipticity grows with Mn concentration. The rotation
spectra are characterized by two extrema separated by
about 400 meV and a dip or sign change as the band
gap energy is approached. The ellipticity changes sign in
the 200 meV region and has two maxima at higher en-
ergy. We note that features in the rotation are correlated
to features in the ellipticity due to the Kramers-Kronig
relations.
In the following we compare the measurements with
predictions of the theory in which holes reside in an As
p-orbital dominated valence band which is coupled to Mn
d-orbital local moments by an antiferromagnetic kinetic-
exchange interaction [6]. The coupling is treated within
the mean-field theory and disorder is introduced through
a finite life-time broadening of the valence-band states
[31, 32]. We use the eight-band k · p model which takes
into account the complex band structure of the valence
band in the presence of the kinetic-exchange field and
spin-orbit coupling, as well as valence-conduction band
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FIG. 3: (Color on-line) Calculated Faraday rotation Re(θF)
and ellipticity Im(θF) (left panels) and Kerr rotation Re(θK)
and ellipticity Im(θK) (right panels) vs. photon energy for
samples of 50nm thickness. Upper and middle panels show the
rotation and ellipticity for several MnGa dopings at fixed hole
density respectively. The bottom panels show the rotation for
several hole densities at fixed MnGa doping.
transitions. The relatively large carrier doping also leads
to band renormalization effects [33–35] which can modify
the band gap and inter-valence band splittings. Whereas
electron-electron interactions contributions from the ex-
change and correlation effects tend to shift rigidly the
valence and conduction bands towards each other, the
impurity scattering from the randomly distributed Mn
acceptors leads to a more strongly momentum dependent
shift which renormalizes the inter-valence band splittings
[34, 35]. We have incorporated this in the calculations by
shifting rigidly the majority bands only (largest kF ) by
10× (p[1018cm−3])1/3) meV [34, 35].
We use the calculated complex conductivities σxx and
σxy in the transmission and reflection formulas for our
geometry (thin film on a wedged substrate with multiple
scattering effects taken into account) [29] to determine
the complex θF and θK. Due to the low σxx values in
these samples, θF and θK practically follow σxy and−σxy,
respectively.
In Fig. 3 we plot the Kerr and Faraday rotation (top
panels) and ellipticity (middle panels) as a function of the
photon energy for a fixed density of carriers p = 2.0×1020
cm−3 and varying MnGa doping. For a fixed MnGa dop-
ing of 5% and varying hole concentration (bottom panel)
we only show the Faraday and Kerr rotation. The strong
disorder present in the experimental films is taken into
account through a finite life-time of 100 meV [6, 35]. The
4Faraday rotation has an extremum in the 150-200 meV
while the ellipticity changes sign in this region. These
spectral features are due to the transitions from the light-
hole band to the heavy-hole band. Contributions from
the split-off band to the light-hole band and the split-
off band to the heavy-hole band dominate the Kerr and
Faraday spectra at energies higher than 500-650 meV.
Our calculations capture the measured order of magni-
tude of the Faraday rotation angle, the separation of the
two maxima, and the increase of the angle with increasing
MnGa concentration. Variations in the carrier concentra-
tion do not affect the magnitude of the Faraday angle
as strongly (see lower left panel in Fig. 3). The Faraday
angle calculations also capture the dip (and a possible
change in sign) of the measured Re(θF) as the energy
approaches the band-gap. Kerr angle calculations (right
panels in Fig. 3) show a similar general agreement with
the correct location of the sign change, correct order of
magnitude and a separation of the two main peaks in the
negative region.
Because of the complexity of the studied materials
and approximations employed in the calculations, only a
semi-quantitative comparison between theory and exper-
iment is meaningful in case of DMSs. On this level, the
overall agreement of our theoretical infrared magneto-
optical spectra with experiment provides strong evidence
that the conventional disordered valance band theory of
ferromagnetic Ga1−xMnxAs captures correctly the mag-
netic and orbital nature and density of states near the
Fermi energy. We emphasize that our microscopic cal-
culations use no adjustable parameters. This applies
to the basic spin-splitting and orbital characteristics of
the bands which we have accounted for within the k · p
model antiferromangetically coupled to the localized Mn
d-electrons and whose similar description can be obtained
using spd-tight-binding model or LDA+U full potential
density-functional calculations [6, 27]. It also applies to
the additional effects of disorder and interactions on the
imaginary and real parts of the hole Green’s function; the
former has been estimated based on numerical Fermi’s
golden rule calculations in Ga1−xMnxAs [6] and the lat-
ter from detailed band-renormalization studies in heavily
p-doped semiconductors [34, 35].
In conclusion, we have presented results of Faraday
and Kerr effect measurements in the sub-gap region in
order to study the electronic structure of Ga1−xMnxAs.
By measuring θF and θK, which arise from transitions be-
tween exchange-split and spin-orbit coupled states, and
after subtracting the paramagnetic background we ob-
tained spectral features corresponding to the ferromag-
netically coupled electronic states near the Fermi energy.
Microscopic calculations based on the conventional semi-
conductor valence band picture of Ga1−xMnxAs account
for the position of the main spectral features and for the
Mn-concentration dependent magnitude of the measured
magneto-optical signals.
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